While genome editing has been revolutionized by the advent of CRISPR-based 33 nucleases, difficulties in achieving efficient, nuclease-mediated, homology-directed repair 34
2
Multi-Cas Variant 1 (MCV1)] that permits side-by-side comparisons of different nuclease 44 systems. We used this system to assess editing and HDR efficiencies of different nuclease 45 platforms with distinct DNA donor types. We then extended the analysis of DNA donor 46 types to evaluate efficiencies of fluorescent tag knock-ins at endogenous sites in 47
HEK293T and K562 cells. Our results show that cssDNA templates produce efficient 48
and robust insertion of reporter tags. Targeting efficiency is high, allowing production of 49 biallelic integrants using cssDNA donors. cssDNA donors also outcompete lssDNA 50 donors in template-driven repair at the target site. These data demonstrate that circular 51 donors provide an efficient, cost-effective method to achieve knock-ins in mammalian cell 52 lines. 53 54
Introduction 55 56
RNA-guided Cas9 1-3 and Cas12a proteins 4, 5 have provided a facile tool for introducing 57 targeted breaks within genomes. These double-strand breaks (DSBs) can be harnessed to 58 engineer the genome through endogenous DNA repair pathways. Typically, DSBs are 59 precisely repaired via the canonical non-homologous end joining (c-NHEJ) pathway, 60
restoring the original DNA sequence. 4 However, in the context of a programmable 61 nuclease where DSB generation can reoccur, imprecise DNA repair may produce small 62 insertions and deletions (indels) via c-NHEJ as well as alt-NHEJ pathways. 6 In contrast to 63 the imprecise nature of these indels, the homology-directed repair (HDR) pathway results 64
in precise rewriting of the genome in a template-dependent manner. 7-9 HDR is often 65 utilized in the context of programmable nucleases to introduce specific changes to the 66 genome, such as adding fluorescent tags to proteins 10 or making a precise therapeutic 67 correction to the desired locus. [11] [12] [13] Given the broad utility of this technology for enabling 68 precise insertions into mammalian genomes, several viral and non-viral approaches for 69 the delivery of donor DNA into mammalian cells have been described. [14] [15] [16] [17] The nature of 70 the template employed for HDR is dictated in part by the length of the desired genomic 71 modification. For short insertions (<200 nt), ssDNA oligonucleotides harboring the 72 mutation, as well as flanking homology arms that range from 35-60 nucleotides, are 73
introduced into cells along with Cas9 protein and guide RNA. 15, 18, 19 When modifications 74 longer than 200bp are desired, double-stranded DNA (dsDNA) templates such as 75 plasmids or PCR products are typically used as donor templates. However, these double-76 stranded templates are often associated with high cellular toxicity and off-target 77 integration events. 20 As an alternative to using dsDNA templates as donors for HDR, 78 long ssDNA templates have been reported to have low cytotoxicity and high efficiencies 79
of targeted integration at the site of interest. 21, 22 Consequently, there is considerable 80 interest in developing methods to generate long ssDNA templates to serve as donors for 81 making targeted insertions in mammalian cells. Several recent examples include 82 asymmetric PCR, "Strandase" enzyme-mediated removal of one strand of a linear 83 dsDNA template [Takara Bio USA (catalogue number 632644)], use of pairs of nicking 84 endonucleases followed by gel extraction of resulting ssDNA [Biodynamics Laboratory 85
Inc. (catalogue number DS615) and reverse transcription (RT)-based approaches to 86 generate ssDNA. [21] [22] [23] [24] Most of these approaches require expensive and time-consuming 87 purification steps to ensure complete removal of truncated ssDNA products. With based approaches in particular, it is challenging to generate accurate ssDNA donors 89 longer than 3-4 kb, especially in large molar quantities, because of the lack of 90 proofreading activity and the limited processivity of reverse transcriptase enzymes. 91 92
As an alternative to these in vitro approaches, we explored the use of circular ssDNA 93 (cssDNA) produced from phagemids as templates for HDR-mediated integration of DNA 94
cassettes. Phagemid vectors have been used to generate ssDNA templates for site-directed 95 mutagenesis 25 , DNA nanotechnology and DNA origami 26 , phage display technology for 96
protein engineering 27 and as templates for transcription in cell-free systems. 28 However, 97
to our knowledge, their use as donors for achieving targeted integration of DNA in 98 mammalian cells has not been evaluated. 99 100
Here, we show that phagemid-derived cssDNA can be used to insert sequences efficiently 101
and precisely in mammalian cells. We further compared HDR efficiencies obtained with 102 phagemid-sourced cssDNA to those of linear ssDNAs (lssDNAs) generated using a RT-103
based method 22 and a streptavidin affinity purification approach with asymmetrically 104 biotinylated PCR amplicons. 29 To address the challenges associated with long ssDNA donor production, we investigated 120 a number of different approaches for generating ssDNA donors, as well as the relative 121 efficiencies of HDR when using the resulting ssDNA products. While most efforts to 122 generate ssDNA donors have focused on linear molecules, we explored the properties of 123 circular ssDNAs as donors for HDR. Phagemids are chimeric vectors that contain 124 plasmid and bacteriophage origins of replication. Upon superinfection of the host 125 bacteria with helper phage to supply the phage DNA replication machinery, one strand 126 of the phagemid vector is packaged into bacteriophage particles and extruded into the 127 media from whence circular ssDNA can be purified 30 ( Supplementary Fig. S1A ).
128
Although a standard protocol to purify ssDNA from phagemids yielded reasonable 129 quantities of DNA, we observed the presence of contaminating Escherichia coli genomic 130 DNA in the ssDNA preparation, as reported previously. 31 To remove contaminating E. 131
coli genomic DNA in preparation for donor DNA transfection into mammalian cells, we 132 modified a purification protocol described by Viera and Messing 30 , where we 133 incorporated a DNase I digestion step prior to bacteriophage uncoating and subsequently 134 purified the cssDNA using an anion exchange column.
136
To provide a benchmark for aspects of donor DNA production and direct comparison of 137 HDR rates in mammalian cells, we also evaluated two methods for generating lssDNA 138
templates. First, lssDNA was generated using a published RT method (T-lssDNA) in 139 which cDNA is generated by a processive reverse transcriptase such as TGIRT-III. 32 based approaches ( Supplementary Fig. S1B ) can be effective for generating ssDNA 141 donors up to 3.5 kb in length. 21, 22, 33, 34 However, the reverse transcriptase enzymes used 142
for generating linear ssDNA generally lack proofreading activity 35 , which makes the 143 fidelity of the resulting template a concern. 24 In addition, these enzymes often generate 144 truncated ssDNA products ( Supplementary Table S1 ) and yields of full-length ssDNA 145 products, particularly for templates with stable secondary structures, have been found to 146 be compromised. 36 As an alternative to RT-based methods, we reasoned that ssDNA 147
templates generated from asymmetrically biotinylated PCR products would produce 148 longer ssDNA templates with higher sequence fidelity. Accordingly, we utilized an 149 approach to generate ssDNA templates using biotin-based affinity purification of ssDNA 150 (B-lssDNA) by exploiting the biotin-streptavidin interaction. In this method, one PCR 151 primer used for donor amplification is biotinylated, which allows the resulting PCR 152 product to be strand-specifically bound to streptavidin-coated beads. Subsequently, the 153 DNA strands are separated by alkaline denaturation and the non-biotinylated strand is 154 isolated and used as a donor for HDR ( Supplementary Fig. S1C ). SsDNA templates 155 generated by all these methods were treated with S1 nuclease to confirm the single-156 stranded nature of the templates generated ( Supplementary Fig. S1D ). Overall, while all 157 three approaches yielded ssDNA up to at least 3,300 bases in length, the phagemid-based 158 approach proved to be most economical while also generating large quantities of full-159 length ssDNA for use as HDR templates (Table 1) . 160 161
Traffic Light Reporter Multi-Cas Variant 1 (TLR-MCV1): a system to 162 evaluate genome-editing efficiency by multiple nucleases 163 164
Previously, Certo et al. described a traffic light reporter (TLR) system that provides 165 positive fluorescence readouts for both error-prone DSB repair as well as precise HDR 166
repair. 37 It consists of a tandem expression cassette consisting of a "broken" GFP coding 167
sequence followed by an out-of-frame mCherry cassette ( Figure 1A ). The GFP sequence 168
is disrupted by an insertion harboring various nuclease target sites to initiate DSB 169 formation. DSB repair by pathways such as NHEJ can result in insertions or deletions 170
(indels) that place the downstream mCherry coding sequence in frame for productive 171 translation (+1 frameshift). In addition, precise HDR repair of the locus can be evaluated 172 by co-delivering a truncated GFP donor repair template with a nuclease, which will 173 restore GFP expression while leaving the mCherry coding sequence out of frame. The 174 fraction of GFP-and mCherry-positive cells can be rapidly measured using flow 175 cytometry to determine editing outcomes as a function of the nuclease and donor DNA 176 composition. We redesigned the original TLR reporter to incorporate target sites for 177 several currently characterized nucleases ( Figure 1A) and SauCas9), DSB formation can be targeted to the exact same position. We also 184 incorporated a second SpyCas9 target site on the opposite strand such that both SpyCas9 185 target sites will produce a DSB at the same position. Similarly, the Cas12a orthologs have 186
overlapping PAMs in the incorporated target site and therefore will generate staggered 187 cuts within the same region. All of these target sites were combined into a sequence 188 framework that lacks stop codons in the +1 reading frame to enable mCherry expression 189
following the induction of a suitable indel. Hence, our updated reporter (TLR-MCV1) 190
provides a useful platform for direct comparison of genome editing properties of the 191 major RNA-guided genome editing tools described to date.
193
A single copy of TLR-MCV1 was introduced into HEK293T and K562 cells by lentiviral 194
transduction. Using plasmid transfections of HEK293T cells to introduce the nucleases, 195
guide RNA (listed in Supplementary Table S2 ) and a plasmid donor template SFFV-d14GFP-Donor; Supplementary Table S3 ), we observed that all the Cas9/Cas12a 197 sites can be targeted by the cognate nucleases to induce precise and imprecise genome 198 editing in mammalian cells ( Supplementary Fig. S2A ). The two GeoCas9-expressing 199 plasmids produced inefficient editing, which may be due to suboptimal codon usage, or to 200
GeoCas9's preference for higher temperatures, or both. 47 We also performed a dose-201 dependence analysis to test the potency of different nucleases ( Supplementary Fig. S2B ).
202
SpyCas9 was found to be the most potent nuclease for the production of frameshifts that 203 restore mCherry expression. 204 205
Circular ssDNA donors outperform linear ssDNA donors for HDR 206 207
TLR-MCV1 provides an ideal system for direct comparisons of different DNA donor 208
architectures since both the NHEJ and HDR efficiencies can be measured using different 209
Cas nucleases at the same locus. To create DSBs in cells, delivery of Cas9 or Cas12a 210
RNPs has gained favor because these complexes can be readily electroporated into a wide 211 variety of cell types. [50] [51] [52] [53] Furthermore, due to their rapid turnover in cells, Cas9/Cas12a 212
RNPs display lower off-target activity than other delivery modalities without 213
compromising on-target editing activity, thereby significantly improving the specificity of 214 targeted genomic modifications. 51, 54 Delivery of SpyCas9 protein complexed with its 215 guide RNA (SpyCas9 RNPs), or each of the three Cas12a orthologs as RNPs, proved 216
highly effective at editing the TLR-MCV1 reporter, with indel efficiencies greater than 217 70% achieved as measured by TIDE 55 ( Supplementary Fig. S3 ). Next, we tested different 218 types of ssDNA donors or a plasmid donor with SpyCas9 and AspCas12a RNPs. As 219
shown in Figure 1B , cssDNA elicited higher HDR efficiencies relative to equimolar 220 quantities of linear ssDNA donors or the plasmid donor in both K562 and HEK293T 221 cells. Using cssDNA, we achieved a statistically significant ~2-fold increase in HDR yields 222 compared to lssDNA ( Supplementary Table S4 ). This was true for both SpyCas9 and 223
AspCas12a-based editing. CssDNA also achieved higher GFP integration efficiencies in 224 comparison to plasmid donors in both K562 and HEK293T cells. Notably, we did not 225 observe a significant difference between T-lssDNA and B-lssDNA donor efficiency in 226 K562 cells (p = 0.0797), indicating that lssDNAs generated using two different 227 approaches were largely indistinguishable once generated and purified (Supplementary 228  Table S4 ). There was a statistically significant difference (p = 0.03) between T-lssDNA 229
and B-lssDNA when tested in HEK293T cells with AspCas12a. However, the increase 230 6 shown by T-lssDNA relative to B-lssDNA is modest (<4%). Overall, among the different 231 forms of DNA templates tested, cssDNA realized the highest HDR efficiencies. 232 233
The improved efficiency of knock-in using cssDNA may be due to increased exonuclease 234 protection afforded by the circular nature of the ssDNA. To test this hypothesis, we 235 circularized the lssDNA by splint-mediated ligation and tested this circularized form in 236 TLR-MCV1 cells ( Supplementary Fig. S4A ). Circularization of linear ssDNA resulted in 237 significant (p < 0.0001) enhancement of HDR relative to the unligated precursor in both 238 the cell lines ( Supplementary Fig. S4B , Supplementary Table S4 ) and comparable 239 efficiencies to those observed with phagemid-derived cssDNA donors. This is consistent 240
with previous studies that demonstrated improved function of end-protected nucleic acids 241
in various cell types. 56 242 243
Cas12a nucleases produce superior HDR yields at the TLR-MCV1 locus 244 245
Cas12a-based genome editing has been reported to achieve increased HDR, relative to 246
SpyCas9, since it generates 5' overhangs and more rapidly releases the PAM-distal DNA 247 end following cleavage. 57 As shown in Figure 1B , in HEK293T cells the HDR efficiency 248
as a fraction of total editing ([GFP/(GFP + mCherry)], referred to hereafter as the "HDR 249
ratio") with all the donors tested was higher for AspCas12a compared to SpyCas9. By 250 contrast, we did not observe increases in the HDR ratio of editing with AspCas12a 251 compared to SpyCas9 in K562 cells. To explore this observation further, we tested 252 different orthologs of Cas12a with lssDNA and cssDNA donors. Since we had previously 253 observed no substantial difference between B-lssDNA and T-lssDNA in HDR efficiency 254
at the TLR-MCV1 locus, we only included T-lssDNA for the subsequent comparisons in 255 TLR-MCV1-related experiments. Efficacy of different SpyCas9 and Cas12a nucleases for 256
driving HDR showed cell-line-specific differences. The LbaCas12a and FnoCas12a 257 variants yielded higher HDR ratios relative to SpyCas9 ( Figure 1C ) in both HEK293T 258 and K562 cells. With AspCas12a, however, while HDR ratios are increased in 259
HEK293T cells, a similar increase in HDR ratios was not observed in K562 cells. In 260
HEK293T cells, SpyCas9 supported HDR percentages of 18% and 9.5% with cssDNA 261 and lssDNA donors, respectively ( Figure 1C , lower panel). Cas12a orthologs increased 262 HDR percentages to 25-31% with cssDNA template and 12-21% with linear ssDNA 263
donor. Among the Cas12a orthologs tested, LbaCas12a and FnoCas12a showed higher 264
HDR ratios compared to AspCas12a with cssDNA. In K562 cells, the same trends were 265 generally observed, with the exception of editing efficiencies for AspCas12. In K562 cells, 266
the HDR ratio increased from 0.5 with SpyCas9 to 0.7-0.8 with LbaCas12a and 267
FnoCas12a when using the cssDNA donor ( Supplementary Fig. S5 ). Thus, in these cells 268 the HDR pathway was predominantly being harnessed for DSB repair during Cas12a-269 mediated genome editing with the cssDNA donor. The overall HDR ratio with the linear 270 ssDNA donor increased to approximately 0.5 with LbaCas12a and FnoCas12a 271
( Supplementary Fig. S5 There are conflicting reports in the literature regarding the effect of DNA strand 280 orientation on HDR efficiencies. A bias in HDR efficiency towards ssDNA donors that 281
have the same sequence as the target strand (i.e. the strand base-paired to the SpyCas9 282
RNA guide) has been reported. 18, 58 However, others have not observed a significant 283 effect of strand orientation on HDR efficiency. 15, 57, 59 To examine strand-specific donor 284 bias in HDR efficiencies in TLR-MCV1 cells, we generated target-strand-complementary 285
(sense) and non-target-strand-complementary (antisense) ssDNA donors for both linear 286
and circular DNAs and electroporated them along with SpyCas9 and AspCas12a RNPs. 287
For both effectors, the guide RNA was complementary to the antisense strand of the 288 TLR-MCV1 reporter. In K562-TLR-MCV1 cells, there were no significant differences 289 between sense and antisense ssDNA donors except in the case of AspCas12a and cssDNA 290 donors ( Figure 1D ). For this effector/donor combination, there was about a 2-fold 291 increase in HDR efficiency with the sense cssDNA donor relative to antisense cssDNA 292
donor. On the other hand, electroporated HEK293T cells exhibited higher HDR yields 293
(p < 0.008) with sense cssDNA donors when used with both SpyCas9 and AspCas12a. 294
The increase in the HDR efficiency with sense cssDNA relative to antisense cssDNA was 295 7% and 13% when cells were electroporated with SpyCas9 and AspCas12a, respectively. 296
To examine if the two different guide orientations relative to the coding region of the 297 TLR-MCV1 sequence influence the ssDNA donor orientation preference for HDR for 298
SpyCas9 in K562 cells, we electroporated cssDNA and lssDNA donors that were 299
complementary to the TLR-MCV1 sense or the antisense strand, in combination with 300
guide RNAs that were likewise complementary to either TLR-MCV1 target site strand 301
( Supplementary Fig. S6A ). We did not observe any significant differences in HDR 302 efficiency as a function of relative guide/donor strand orientation ( Supplementary Fig.  303 S6B). Overall, while there are nuclease-and cell-type-specific differences HDR 304 efficiencies, the relative orientation of the donor does not have a consistent impact on 305
HDR-based editing. This is consistent with previously described ssDNA donor strand 306 biases in HDR efficiencies, which are generally locus-and cell type-specific 19 . 307 308
Circular ssDNA donors are more potent than lssDNA donors for HDR 309 310
We reasoned that the higher nuclease stability of cssDNA donors may improve the 311 potency of cssDNA compared to lssDNA donors. To test this hypothesis, cells were 312 electroporated with increasing amounts of ssDNA donors while keeping the amount of 313
SpyCas9 or AspCas12a RNPs constant ( Figure 1E ). In K562 cells, the HDR yields 314 peaked around 1pmol of cssDNA for both SpyCas9 and AspCas12a. We also observe 315 severe apparent DNA toxicity at higher donor DNA concentrations (>1 pmoles of 316 cssDNA) resulting in reduction of HDR efficiencies. Since overall cssDNA templates are 317 about 4-5 times longer due to the presence of the phagemid sequence elements, it's likely 318
that DNA toxicity is associated with the total mass of DNA delivered instead of moles of 319 DNA templates electroporated. Even so, the lssDNA donor did not perform as well as the 320 cssDNA donor in stimulating HDR even at the highest concentration that was tested in 321 K562 cells. The highest HDR efficiency observed for the lssDNA was about 5% with 322
SpyCas9 and 7% with AspCas12a which is four and two times lower than what was 323 8 achieved with the cssDNA donor and SpyCas9 and AspCas12a respectively. These results 324
were also mirrored in HEK293T cells, where the cssDNA donor was more potent 325 compared to lssDNA donor. With AspCas12a, cssDNA reached saturation at around 2 326 pmols, whereas 5 pmols was needed to achieve the same effect with SpyCas9. Above 327 these donor DNA levels, we observed a drop in HDR efficiencies, presumably due to 328 DNA toxicity. The lssDNA donor performed poorly with SpyCas9 since the percentage 329
of GFP-positive cells with 20 pmoles of donor was still ~10% lower despite using 3-fold 330 more moles of donor. The lssDNA performed better with AspCas12a where HDR 331 efficiencies of ~30% were achieved with 20 pmoles of lssDNA donor. However, to 332 achieve the same HDR yields, 5-fold more moles of lssDNA was needed compared to 333 cssDNA donor. Hence, cssDNA is more potent than lssDNA for HDR and its effect is 334
further enhanced when employing AspCas12a as the nuclease. Collectively, the TLR-335
MCV1-based experiments reveal that cssDNA donors are more efficient at promoting 336
HDR repair compared to lssDNA donors. 337 338
Circular ssDNA donors provide efficient templates for fluorescent tagging 339 of endogenous proteins 340 341
For many functional genomic studies and gene therapy applications, targeted insertion of 342 long DNA cassettes into endogenous loci is desirable. Most studies aimed at making 343 targeted insertions of long DNA cassettes employ plasmid donors to provide the template 344
for precise insertion. 10 However, plasmid donors can be toxic to target cells, which makes 345 insertion of long DNA cassettes an inefficient process in most cell types. 16 To test the 346 suitability of cssDNA for integrating larger inserts, we chose four endogenous genes in the 347 mammalian genome based on the work of Roberts et al. 10 and He et al. 60 to make targeted 348 insertions of fluorescent proteins (Figure 2A ). SpyCas9 RNPs were complexed with 349 chemically synthesized guide RNAs (listed in Supplementary Table S2 ) with terminal 350 modifications to enhance intracellular stability. Electroporation of RNPs in the absence of 351 donor DNA into HEK293T cells yielded 80-93% indels at the four sites as measured by 352 TIDE analysis 55 ( Supplementary Fig. S7 insertion by cssDNA and lssDNA, we tagged three endogenous ORFs (SEC61B, 357 TOMM20 and ACTB) via a direct fusion of mEGFP (Figure 2A) . At the GAPDH locus, we 358
inserted an IRES-EGFP cassette to facilitate separate expression of both gene products 359 from the modified locus. 60 To evaluate the impact of the donor cassette sequence 360 composition on HDR efficiency, the GFP tag was replaced with a red fluorescence tag 361
(dTomato/iTag RFP) in a corresponding donor set. Phagemid-derived cssDNA or T-362 lssDNA donors encoding the fluorescence tag flanked by 1kb homology arms were 363 electroporated into K562 and HEK293T cells along with SpyCas9 RNPs, after which 364
GFP-or RFP-positive cells were measured by flow cytometry to estimate the HDR-based 365 recoding efficiency at each site of interest.
367
Collectively at all the loci tested, cssDNA resulted in a significantly higher frequency of 368 functional tag integration compared to the linear T-lssDNA ( Figure 2B -E; significance 369
values computed in Supplementary Table S4 ). Interestingly, although GFP and iTagRFP 370 and dTomato fusion tags have coding sequences of similar length, we observed higher 371
integration efficiency with GFP cssDNA donor at the ACTB and TOMM20 locus, 372 especially in HEK293T cells, indicating that donor cassette composition may modestly 373 influence integration efficiency in a cell type-and locus-specific manner. Similarly, at the 374 SEC61B locus, cssDNA mediated integration of the dTomato tag was higher than what 375
was achieved with T-ssDNA in both K562 cells and HEK293T cells ( Figure 2D ). As 376 expected, we did not observe significant differences in donor integration efficiencies 377
between T-lssDNA and B-lssDNA donors, although variability in the efficacy was 378 observed depending on the target site, donor composition and cell type (Supplementary 379 Fig. S8 ). As with TLR-MCV1, we observed cell-type-and site-specific differences in 380 editing efficiencies with different cssDNA donor orientations, but there was no consistent 381
trend that defined a preferred combination of target site and donor template strand 382
( Supplementary Fig. S9 ). Collectively, while we observe cell type-, locus-and donor DNA 383 sequence-and orientation-dependent variability in DNA integration efficiencies, our 384 results show the increased potency of cssDNA templates for tagging proteins at various 385 endogenous genomic loci in comparison to lssDNA templates. 386 387
Circular ssDNA can effectively drive biallelic tagging of endogenous 388 proteins 389 390
Biallelic tagging of a target gene is often desirable for functional genomics studies, but this 391 outcome is often hampered by low HDR efficiency. Since we observed high yields of 392
integration with cssDNA, we tested the ability of cssDNA to support biallelic integration 393
at various endogenous sites. To distinguish between monoallelic and biallelic integration, 394
we electroporated equimolar amounts of cssDNA donors containing green and red 395 fluorescent tags along with the appropriate SpyCas9 RNP into cells and measured 396 fluorescence in these cells using flow cytometry. The majority of labeled cells expressed a 397 single green or red fluorescent tag (Figure 3 ). Encouragingly, for ACTB, TOMM20 and 398 SEC61B loci, 17-26% of fluorescent cells were tagged with both green fluorescent and red 399 fluorescent proteins, indicating biallelic integration of reporter tags at these sites 400
( Supplementary Fig. S10 ). Negligible levels of biallelic integration were observed at the 401 GAPDH locus, likely due to lower overall HDR efficiencies at this locus, which could 402 reflect toxicity associated with tagging GAPDH, an essential housekeeping protein.
404
To further compare the efficiency of fluorescent tag integration at the genetic loci of 405 interest using cssDNA and lssDNA, we set up a competition assay and tested different 406 combinations of cssDNA and lssDNA donors for their abilities to insert reporter tags at 407
the ACTB locus ( Figure 3B ). We observed robust biallelic tagging when cssDNA donors 408 encoding GFP and iTAGRFP tags were cotransfected in both HEK293T cells ( Figure 3B ) 409 and K562 cells ( Supplementary Fig. S11 ). Interestingly, when cssDNA was combined 410
with an equimolar quantity of lssDNA to perform the knock-ins, we observed 30-fold 411
higher RFP signal over GFP signal when RFP-encoding cssDNA was co-introduced with 412 GFP-encoding lssDNA. Conversely, the combination of GFP-encoding cssDNA with 413 RFP-encoding lssDNA yielded 10-fold more GFP-positive than RFP-positive cells.
414
Overall these results confirm that cssDNA is more efficient than lssDNA as an HDR 415 donor in cultured human cells and is effective for generating biallelic insertions of 416 extended coding sequence into the genome. 417 10 418 419
Discussion 420 421
For most cellular applications, non-viral methods for the delivery of a donor DNA 422
template are employed to achieve targeted DNA insertion at a locus of interest, owing to 423 the ease of template production. Most previous non-viral approaches have used 424 oligonucleotides (ODNs), plasmids or linear dsDNAs as the donor DNA template. 10, 32, 61-425 63 More recently, long lssDNA templates have been demonstrated to provide advantages 426 over dsDNA by both reducing toxicity to cells and increasing HDR efficiency of the DNA 427 donor cassette. 21, 22, 24 Enzymatic methods adopted for generating long ssDNAs have 428
permitted the knock-in of gene segments such as fluorescent reporter tags, which are 429 more difficult to generate as chemically synthesized donors. However, cost-effective 430 enzymatic synthesis of long ssDNA can be challenging. In this study we performed a 431 side-by-side comparison of cssDNA produced from phagemids with lssDNA produced 432 either using published protocols 22 or a biotin-streptavidin capture method that we 433 utilized 29, 64 ( Table 1 ). The biotin-affinity approach for making lssDNA permits the 434 efficient synthesis of longer DNA templates and is not subject to the potential fidelity 435
issues of RT-based approaches, as the lssDNA is generated entirely by high-fidelity DNA 436
polymerases. Overall, we found that phagemid-derived cssDNA, when co-delivered with 437
Cas9 or Cas12a RNPs, is highly effective in achieving targeted integration of DNA 438
cassettes in mammalian cells. The production of cssDNA templates using phagemids is 439 time-and cost-effective in comparison to methods for generating lssDNA donors, in part 440
because it requires fewer electrophoretic or affinity purification steps. 441 442
We examined the relative efficacy of HDR potentiated by different ssDNA donor 443 compositions in the context of different Cas nuclease effectors, relative strand orientations 444 and donor doses. We initially assessed the effects of these parameters and the donor 445 compositions on HDR efficiencies using a modified traffic light reporter system (TLR-446 MCV1). This fluorescence-based system permits simultaneous evaluation of imprecise 447
and HDR-based editing efficiencies with a range of Cas9 and Cas12a effectors. While we 448 observed robust integration of the GFP correction cassette using SpyCas9, Cas12a 449 nucleases achieved higher overall yields of donor integration. The effects of ssDNA strand 450 orientation, whether lssDNA or cssDNA, exhibited cell-line-and target-site-specific 451 variability. Overall, the potency of cssDNA donors was significantly higher (i.e., effective 452 at lower doses) than lssDNA donors, with the TLR-MCV1 reporter as well as at 453 endogenous sites. When used in conjunction with SpyCas9 RNP, cssDNA-based HDR 454
was robust even at concentrations as low as 1pmol cssDNA donor per 100,000 cells, while 455 lssDNA donors were 2-to 10-fold less effective at this dose. The use of large amounts of 456 donor DNA to drive longer insertions in cell lines typically poses toxicity issues. The 457
improved HDR potencies of cssDNA donors relative to those of the corresponding 458 lssDNAs could arise from higher stability of these templates in cells, since the circular 459 topology likely confers some resistance to exonucleases. Consistent with this hypothesis, 460
post-synthetic circularization of a lssDNA template increased the HDR efficiency by 461 about two-fold in K562 cells to levels that were comparable to phagemid-sourced 462
cssDNA.
464
In addition to exonuclease resistance conferred by circular topology, phagemid-derived 465 ssDNA templates offer several other advantages over lssDNA templates generated using 466
RT-or PCR-based approaches: 1) cssDNA can be generated with longer donor 467 cassettes. 65 Excluding the encoded bacterial and phage DNA sequences (~2,200 bp), our 468 experience indicates that DNA cassettes up to ~10 kb ( Supplementary Fig. S12 ) can be 469 readily incorporated into the phagemid vector for successful ssDNA generation, without 470 any concomitant increase in generation cost or production of truncated products. While 471 linear ssDNA has the advantage of only containing the sequence of interest, creating 472 donors of this length would be extremely challenging with TGIRT and potentially 473 cumbersome even for PCR-based approaches. 2) TGIRT does not possess proofreading 474 activity, and therefore the fidelity of ssDNA products that it produces is of concern, 475 especially for longer donors. By contrast, the biotin-streptavidin affinity purification-based 476 approach for generation of lssDNA and phagemid-derived cssDNA described in this 477
paper can be used to generate accurate and full-length ssDNA.
3) The cost of generating 478
full-length cssDNA molecules is modest compared to lssDNA generation by RT-based 479 methods or the biotin-streptavidin affinity purification approach, which use expensive 480 enzymes and DNA purification kits (Table 1) . Moreover, the production of cssDNA can 481 be readily scaled up to generate several micrograms of DNA at a relatively low cost, 482
which would be cumbersome to accomplish using in vitro approaches. Overall, the efficacy 483
of phagemid-derived cssDNAs as HDR templates, combined with their ease and 484 economy of production, make them an attractive alternative for precise genome editing. 485
cssDNA templates should prove advantageous for the efficient insertion of long DNA 486 cassettes in a variety of different cell types and can be leveraged for basic science and 487 potentially stem cell-based therapeutic applications. 488 489 490
Methods 491 492
Plasmids 493
All the plasmids generated in this study were made using standard molecular biology 494 techniques. A list of primers used to make the donor DNA templates are listed in 495 Supplementary Table S4 . A list of plasmids created is provided in Supplementary Table  496 S5, and plasmids have been deposited in Addgene for distribution (Deposit #75933, 497 75862, 87448, and 107317).
499
Generation of ssDNA templates using phagemids: 500
Preparation of cells 501 1 ml of 2xYT media with 100μg/ml ampicillin was inoculated with a colony of XL1-Blue 502 cells transformed with the phagemid of interest. After culturing cells at 37°C for ~8 hours 503 or until the media became slightly cloudy (OD600 ~0.1), 50 μl of VCSM13 phage (10 10-11 504 pfu/ml) was added to the bacterial culture and incubated without shaking at RT for 20 505 minutes. Cells were then transferred to 250 ml 2xYT media with 100 μg/ml ampicillin 506 and cultured at 37°C for 1-2 hours. To select for cells that had been infected by the 507 phage, kanamycin was added to the cells to a final concentration of 75 μg/ml and 508 cultured overnight. 509 510
Phage pellet preparation 511 Cells were pelleted from the media by centrifugation at 10,000g for 20 minutes. The 512
supernatant containing phage was filtered through a vacuum filter (pore size 0.22 μm) to 513 eliminate cell debris and remove any remaining bacterial cells from the supernatant. 514
DNase I (Sigma) was added to a final concentration of 10 μg/ml and incubated at 37°C 515 for 3 hours to eliminate any remaining dsDNA contamination in the supernatant. 10 g of 516 PEG-8000 (Sigma) and 7.5 g of NaCl was added to 250 ml of supernatant and incubated 517 at 4°C on ice for 1 to 2 hours to precipitate the phage. The supernatant was spun at 518 12,000g for 30 minutes at 4°C and the supernatant was carefully poured out and the 519 phage pellet was retained. Care was taken to remove as much PEG solution from the 520 bottle as possible by wiping the inner surface using Kimwipes. 521 522
DNA extraction 523
The ssDNA was extracted from the phage pellet using a modification of Purelink 524
Midiprep columns from Life Technologies. The phage pellet was resuspended in 6 mls of 525 1x TE buffer. 6 ml of 4% SDS was added to the phage suspension and incubated at 70°C 526 for 30 minutes. 6 ml of Buffer N3 or 3 M Potassium acetate (pH 5.5) was then added to 527 the solution and spun at 12,000g for 10 minutes at room temperature. During this time, 528
the Purelink midiprep column was equilibrated by adding 10 ml of equilibration buffer. 529
Following column equilibration, supernatant containing cssDNA was applied to the 530 column. The column was washed twice with 10 ml of wash solution and eluted using 5 ml 531 of elution buffer. 3.5 ml of isopropanol or 12.5 ml of 100% ethanol was added to 532 precipitate the DNA and incubated at -80°C for 2 hours. The solution was spun at 533 12,000g for 30 minutes to pellet the DNA. The DNA pellet was then washed with 5 ml 534 70% ethanol and allowed to air-dry. The ssDNA was then resuspended in 50-100μl of TE 535
buffer and stored at -20°C. We typically obtain 100-200 μg of cssDNA from a 250 ml 536 culture. 537 538
Generation of ssDNA templates using TGIRT 539
Single-stranded DNA donors were generated using reverse transcription of an RNA 540 intermediate using TGIRT-III, as previously described. 22 Briefly, the donor sequence and 541 its homology arms were cloned into a plasmid. Eight 50 μl PCR reactions were set up for 542 each donor to amplify the cloned donor using forward primers that contain a 5' overhang 543
encoding the T7 promoter. The generated PCR products were pooled and purified using 544 carboxylate-modified magnetic bead solution (GE Healthcare #65152105050250). The 545
purified DNA was used to generate the corresponding RNA by in vitro transcription using 546
HiScribe T7 polymerase (NEB #E2040S). After purifying the RNA with carboxylate-547 modified magnetic beads, the reverse transcription reaction was generated using 400 548 pmol of RNA, 800 pmol of reverse-transcription primer and 15 μl of 25 mM dNTP mix. 549
After annealing the primer at 65°C for 5 minutes, then on ice for 5 minutes, 3 µl of 550
TGIRT-III enzyme (InGex) was added and the reaction incubated at 58°C for 3 hours. 551
The remaining RNA was hydrolyzed by base [0.5 M NaOH, 0.25 M EDTA (pH 8.0)] 552 incubation at 95°C for 10 minutes. The NaOH was neutralized with an equal volume of 553 0.5 M HCl. The generated ssDNA donor was purified by carboxylate-modified magnetic 554
beads and eluted with 20 μl or 15 µl of RNase-free water containing 2 mM Tris-HCl (pH 555 8.0).
557
Generation of ssDNA templates using biotin and streptavidin-based affinity 558 purification 559
The PCR product template for producing ssDNA was generated using one unmodified and 560 one 5ʹ-biotinylated primer (purchased from IDT was collected in an Eppendorf tube and biotinylated DNA-coated beads were separated 570 with a magnet for 4 minutes. The beads were washed twice with buffer that consists of 50 571
mM Tris-HCl (pH 8.0), 2 M NaCl and 0.05% Tween 20 by pipetting and using a volume 572 equivalent to the solution used for nucleic acid binding, and then the tube was placed on 573
the magnet for 2 min to collect the beads. The beads were then washed once with buffer 574
containing 10 mM Tris-HCl (pH 8.0) and 50 mM NaCl. The bead-containing solution was 575 then transferred to a fresh tube and the beads were separated from the solution using a 576 magnet for 3 minutes. 577 578
Denaturation of dsDNA 579
Streptavidin beads bound to the biotinylated DNA were incubated with 155 μl of 0.1 N 580 sodium hydroxide solution (NaOH) for 1 minute at room temperature to achieve alkaline 581 denaturation of the biotinylated and non-biotinylated strands of the PCR 582 product. Biotinylated ssDNA-coated beads were then separated with a magnet for 1 583 minute. The supernatant was then transferred to a new 1.5 ml tube and the tube was placed 584 back on the magnetic stand for an additional 1 minute. The solution containing the non-585 biotinylated strand was immediately neutralized by the addition of 1 M glacial acetic acid 586
(15 μl of 1 M glacial acetic acid to neutralize 150 µl of 0.1 N NaOH), and an equal volume 587 of 10 mM Tris-HCl (pH 7.5) solution was then added. The sample was applied on a Spin-588 X centrifuge tube filter (0.22 μm cellulose acetate) to remove any beads (~0.85 μm) and 589 transferred to a fresh tube. The non-biotinylated strand was precipitated using ethanol 590 precipitation and then re-dissolved in water. 591 592
Circularization of linear ssDNA 593
To circularize linear ssDNA donors generated by PCR using one 5ʹ-phosphorylated and 594 one 5ʹ-biotinylated primer (IDT), the non-biotinylated and phosphorylated ssDNA was 595 generated by the affinity purification method described above. Subsequently, 596 phosphorylated ssDNA (e.g., ~20 pmol) was annealed with a 1. Düren, Germany) column, concentrated using ethanol precipitation, and then re-dissolved 606 in water. DNA fractions were then run on a denaturing agarose gel (2%, 70V, 2hr) to 607 examine the integrity and purity of the cssDNA. 608 609
Cell culture 610
HEK293T cells were maintained in DMEM media supplemented with 10% FBS and 1% 611 penicillin and streptomycin (Gibco). K562 cells were maintained in RPMI 1650 media 612 with 1 mM glutamine supplemented with 10% FBS and penicillin and streptomycin. All 613 the cells were maintained in a humidified incubator at 37°C and 5% CO2. 614 615
Electroporation of Cas9 or Cas12a RNPs 616
All electroporations were done using the Neon transfection system (Invitrogen). 20 pmol 617
of SpyCas9-3xNLS, AspCas12a, LbaCas12a, or FnoCas12a protein, along with 25 pmol 618 of sgRNA (for SpyCas9) or 60 pmol of crRNA (for Cas12a), was added per reaction. 619
Guide RNA was either generated using in vitro transcription (TLR-MCV1 locus) or was 620 purchased from Synthego (for SpyCas9 sgRNAs targeting endogenous loci). RNP and 621
guide RNA was precomplexed in buffer R for 10-20 minutes at room temperature and 622
the solution was made up to a final volume of 12 μl. For electroporating K562 cells, 623
150,000-200,000 cells per reaction were used. Cells for a reaction were spun down and 624 the media was carefully removed. Cells were resuspended in 10 μl of buffer R containing 625 the desired nuclease and nucleofected with 3 pulses of 1600V for 10 ms using a 10 μl 626
Neon Tip. Cells were then plated in 24-well plates into 500 μl of RPMI 1650 media 627
supplemented with 10% FBS and cultured in a humidified incubator at 37˚C and 5% 628 CO2 for 3-4 days for TLR experiments, and for 2 weeks for experiments with donors to 629 knock in fluorescence tags at endogenous sites, before analysis of samples using flow 630
cytometry. For all HDR experiments except those in Figure 1E , 1 pmol of cssDNA, linear 631 ssDNA or plasmid donor DNA was used. Donor DNA was added to the cells resuspended 632
in buffer R or buffer R containing Cas9/Cas12a RNP.
634
For experiments with HEK293T cells, roughly 100,000 cells per reaction were used and 635 the cells were given 2 pulses of 1100 V for 20 ms. For experiments shown in Figure 1C  636 and 1D, 3 pmols of cssDNA, lssDNA or plasmid donor DNA were used. For the rest of 637 the experiments except those in Figure 1E, 1 and data was analyzed using Flowjo V.9.0 software. Cells were first gated on FSC-A and 647
SSC-A plot to remove cell debris. This population was further plotted on an FSC-A vs 648
FSC-H plot to circumscribe the single cell population. Finally, a bivariate plot between 649
The DNA cassette containing the U6 promoter and the sgRNA framework for SpyCas9 697 was cloned from pLKO1-puro vector into pBluescript SK II+ backbone. 67 Plasmids 698 expressing each guide RNA from the U6 promoter were constructed by annealing 699 oligonucleotides encoding guide RNA and cloning it into BfuAI cleavage sites in this 700 vector ( Supplementary Table S2 ). Templates for in vitro transcription (IVT) of SpyCas9 701 guides were amplified from the cognate plasmids using NEB Q5 High-Fidelity DNA 702
Polymerase for 30 cycles (98°C, 15s; 65°C, 25s; 72°C, 20s) using primer sets designed to 703 include the T7 scaffold ( Supplementary Table S4 ). For crRNA generation for Cas12a 704 orthologs, templates for in vitro transcription were generated by PCR amplification of 705 oligonucleotides designed to include the T7 scaffold along with the guide RNA and a 15-706 mer overlap sequence to allow annealing between the oligos ( Supplementary Table S4 ). 707
The oligonucleotides encoded the full-length direct repeat crRNA sequence. 67 Statistical Analysis 719 R, a system for statistical computation and graphics, was used for the analysis. 69 720
Percentage of knock-in was first arcsin-transformed to homogenize the variance. Levene's 721 test indicates that the assumption of homogeneity of variances was met. For Figure 2B  722 and Supplementary Fig. S8 , three-way analysis of variance (ANOVA) with Completely 723
Randomized Design was performed to test whether there were main effects of DNA 724 topology, target gene and fluorescent tag and whether there was a gene-or/and 725 fluorescent tag-dependent topology effect. When no significant gene-or fluorescent tag-726 dependent topology effect was found, the main effect of DNA topology was reported. 727
Otherwise, two levels of topology were compared within each combination of genetic loci 728 and fluorescent tag under the ANOVA framework using the lsmeans package 70 if there 729 was a significant difference among different treatments (F-test p < 0.01). For Figure 1D , 730 the three primary factors considered were DNA topology, Cas type and orientation. For 731 the other figures, two-way analysis of variance (ANOVA) with Completely Randomized 732
Design was performed to test whether there was an overall difference among different 733 treatment groups. When the F-test was significant (p < 0.01), predefined contrasts were 734 performed within the ANOVA framework using the lsmeans package. P values were 735 adjusted using the Hochberg method to correct for multiple inferences. 71 736 737
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